Introduction {#sec1}
============

Supramolecular, self-assembled materials are formed by discrete molecules under the influence of various noncovalent forces like hydrogen bonding, π--π stacking, and van der Waals interactions. Such noncovalent interactions are individually weak; however, when they work in tandem, robust self-assembly can occur. Supramolecular gels are formed when these self-assembled structures interact to form a network that traps the solvent.^[@ref1]−[@ref8]^ As a consequence of this network, the materials behave as viscoelastic solids. Disruption of these noncovalent forces in gel architectures most often results in a return to the solution state.

Gels are attracting attention because of their high-end applications in many areas including environmental remediation, sensors, structuring, optoelectronics, catalysis, and tissue engineering.^[@ref6],[@ref7],[@ref9]−[@ref14]^ Clearly, in all of these cases, the gels need different specific properties.^[@ref15]−[@ref19]^ In order to form gels, usually a trigger such as pH, temperature, light, cosolvent (solvent switch), or addition of salt is applied to the solution, suspension, or dispersion of the gelator molecules. As a consequence, the solubility of the molecules in solution significantly decreases, and so aggregation occurs. In many cases, the self-assembly process occurs at a high rate,^[@ref20]^ meaning that the self-assembled structures do not have time to reach their targeted/global thermodynamic minimum and often exist in a kinetically trapped state.^[@ref17],[@ref18],[@ref21]^ Because of this, the final properties of the gels can depend significantly upon the method of preparation.^[@ref17]^ Therefore, during self-assembly, if the environmental conditions are not well controlled, inhomogeneous gels with irreproducible properties can be formed. For gels to be used effectively for high value applications like biomaterials and optoelectronics, we need to overcome this kinetic trapping.^[@ref6],[@ref11],[@ref15],[@ref16],[@ref22]−[@ref27]^

One potential way to get around this kinetic trapping is annealing. Annealing is widely applied for many systems to drive the kinetically trapped structures toward their local thermodynamic minimum.^[@ref18],[@ref28]−[@ref34]^ This is usually accomplished by performing a heat--cool cycle on the kinetically trapped state.^[@ref32]−[@ref36]^ In the case of supramolecular gels, thermal annealing, which results in subsequent sol formation and regelling, can be used to adapt the properties for both single and multicomponent gel systems.^[@ref18],[@ref30]−[@ref32],[@ref34]−[@ref40]^ While thermal annealing is suitable for some systems, there are limitations in terms of volume of the gels that can be annealed as well as the rate of temperature change. The final properties of the gels can differ with subtle variation of cooling rates during annealing,^[@ref30],[@ref35],[@ref36],[@ref39]−[@ref41]^ and hence, maintaining a homogeneous temperature change inside the system throughout the process is often difficult due to temperature gradients within the gel as well as at the liquid-container junction. Consequently, homogeneous "molding and casting" (melting followed by flowing and then solidification) of gels is not possible using thermal annealing. There can also be issues where solvent evaporation leads to a change in the solvent composition that may drive the system toward another kinetically trapped state. Finally, thermal sensitivity of various functional groups present on the gelator backbone is also sometimes an important factor.^[@ref42]−[@ref44]^

An alternative approach is to anneal the gel locally under mild conditions. To exemplify this, instead of a heat--cool cycle, here we employ a reaction relay to anneal a peptide-based hydrogel by a controlled and uniform pH change of the medium ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). There is significant interest at the moment in preparing transient gels, which is relevant here.^[@ref45]−[@ref49]^ To construct the consecutive reaction relay, we simultaneously incorporate two competing triggers. The first trigger drives the system to form an initially out-of-equilibrium gel, followed by increasing the pH of the medium to form a transient hydrogel; the second trigger leads to reassembly by a subsequent decrease in the pH. This method enables us to prepare homogeneous and reproducible gels by establishing an optimal balance of the physical interactions between the molecules that lead to the formation of a final gel, which is both stiffer and contains a different network structure. The method further allows autonomous programming of homogeneous "molding and casting" of the corresponding hydrogel assemblies in time and control over diffusion of encapsulated materials.^[@ref50]^

![(Top) The functionalized dipeptide gelator (**1**) used here which forms a gel at low pH and a viscous solution at high pH in 20/80 DMSO/water (v/v). (Bottom) Cartoon representing annealing of peptide hydrogel of **1** using a consecutive reaction relay. The enzymatic reaction is responsible for increasing the pH (green line), while the hydrolysis of methyl formate lowers the pH. The solidlike properties are represented by the storage modulus (*G*′). The reaction proceeds in 20/80 DMSO/water (v/v).](cm0c01483_0001){#fig1}

Results and Discussion {#secB}
======================

Dipeptide **1** is a previously known hydrogelator,^[@ref51]^ which forms transparent gels in DMSO/H~2~O (20/80, v/v) at a concentration of 2 mg/mL ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). The mechanical properties of the gel were evaluated by oscillatory rheological experiments ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). The gel is stable until a strain of ∼8% (the critical strain) after which the storage modulus (*G*′) starts to decrease; the gel completely converts to a sol after ∼105% strain (the yield point). Frequency sweep measurements show that *G*′ is considerably higher than the corresponding loss modulus (*G*″), and both are frequency independent. The viscoelastic nature of the gels arises from a network of spherulitic domains of fibers as can be seen using confocal microscopy imaging ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)).

As a first step toward annealing of the DMSO/water gel of **1**, we need to drive the self-assembly to a nongelled state in a transient manner. To do this, we used a method that we have recently reported,^[@ref52]^ exploiting the urease-catalyzed hydrolysis of urea to produce NH~3~ as base to increase the pH.^[@ref53]−[@ref60]^ The pH of the initial gel is around pH 4.3. At a pH above the apparent p*K*~a~ of **1** (ca. 6.4, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)), deprotonation of the carboxylic acid leads to a micellar dispersion of **1**, and hence the slow increase in pH leads to the gradual transformation of the gel to a solution state ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [2](#fig2){ref-type="fig"}b). As per our previous work, the lifetime of the transient gel could be controlled by decreasing the concentration of urea and thereby decreasing the rate of pH increase ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)).^[@ref52]^

![Variation of pH (blue), *G*′ (black), *G*″ (red), and complex viscosity (green) with time for **1** from the enzymatic reaction in the absence (a) and presence (c) of methyl formate. (b) and (d) represent the phase change of **1** with time associated with the enzymatic reactions performed in the absence (a) and presence (c) of methyl formate, respectively. The white structures in the gels are air bubbles, not precipitation. For (a)--(d), the initial reaction conditions are as follows: \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M. Solvent is 20/80 DMSO/water (v/v), and \[**1**\] = 2 mg/mL. For (c) and (d), the volume of methyl formate used is 100 μL.](cm0c01483_0002){#fig2}

To anneal the gel, we need to drive the disassembly kinetics toward reassembly by reducing the pH of the medium ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To do this, we utilize the base-promoted saponification of methyl formate to formic acid.^[@ref60]^ This leads to a decrease in the pH sufficiently below the p*K*~a~ of **1** to lead to regelation. Using the same conditions as for the experiments shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, but with the inclusion of 100 μL of methyl formate, results in a gel-to-sol-to-gel transition ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, [2](#fig2){ref-type="fig"}d). At the early time, the production of NH~3~ is faster than the hydrolysis of methyl formate. As a result, the pH of the medium increases steadily and reaches a pH of 8.0 after 10 min. At high pH, the hydrolysis of methyl formate becomes dominant, and the production of formic acid results in a reduction in pH of the sample.

Following the changes in state using rheology, initially *G*′ was considerably higher than *G*″ corroborating the hydrogel formation at the early stages ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, [2](#fig2){ref-type="fig"}d). With time, as the pH of the medium increases, the gel started to collapse shown by the decrease in both rheological moduli. In the high pH regime, both *G*′ and *G*″ reached a minimum and became almost constant for a significant period of time. As the hydrolysis of methyl formate starts to dominate and the pH of the medium begins to decrease, both *G*′ and *G*″ start to increase slowly. At this point, a visual transformation of a free-flowing solution to a gel was observed. Viscosity data recorded with time also depends on the pH changes and demonstrates the sol formation and regelling ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Interestingly, the final values of both rheological moduli and the viscosity were considerably higher than for the initially formed gel. Hence, our annealing approach here leads to an increase in the robustness of the material.

Importantly, it is possible to control the rate of annealing by adjusting the rate of pH change ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). A decrease in urea concentration (keeping all other parameters fixed) significantly reduces the rate of pH increase. There was also a slight reduction in the maximum pH (pH 7.7). However, no significant change in the rate of pH decrease was noticed. Similarly, an increase in methyl formate concentration (keeping all other parameters fixed) causes a substantial reduction in the rate of pH increase as well as the maximum pH. In this case, during the reaction, the maximum pH of the medium reduced from pH 8 (at 100 μL of methyl formate) to pH 7.4 (using 150 μL). Time sweep rheology as well as viscosity data correlates with the changes in pH ([Figures S5, S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). The decrease in the rate of pH increase directly translates into delay in the decrease of both *G*′ and *G*″ and thereby emphasizes an increase in the lifetime of the primary assembled structures ([Figures S5, S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). However, at high pH, no significant change in the viscosity of the solutions was noticed ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). There were also no considerable differences in the final pH values (pH 5.9--6.0). In both cases, the viscosity and rheological moduli of the final gels increase compared to the gel obtained from a high rate of initial pH increase.

For such systems, drying often leads to artifactual changes in structure.^[@ref61]^ Hence, to probe the structures underpinning the different states, we used confocal microscopy and small angle neutron scattering (SANS) that can be used directly in the gel state. Confocal microscopy imaging was conducted at different time intervals for probing the development of the microstructure of the gels. For this purpose, we choose a system where the rate of pH change was sufficiently low. Confocal studies show the existence of high density of spherulitic domains of fibers in the initial gel at early stages ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Time dependent confocal microscopy images of **1** involving the urea--urease reaction in the presence of methyl formate (scale bars represent 20 μm): after (i) 5 min, (ii) 10 min, (iii) 15 min, (iv) 17 min, (v) 20 min, (vi) 25 min, (vii) 30 min, (viii) 32 min, (ix) 35 min, (x) 40 min, (xi) 7 h, and (xii) 16 h. The initial reaction conditions are as follows: \[**1**\] = 2 mg/mL, \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M, volume of methyl formate = 150 μL. Solvent is 20/80 DMSO/water (v/v).](cm0c01483_0003){#fig3}

As the pH of the medium increases, the density of these domains started to decrease indicating the destruction of the intermolecular associations. The fibrous structures completely disappeared around the same time as when the pH reaches its maximum value (and rheological moduli reach their minimum values), and as expected the gel is converted to a free-flowing solution. At longer times as the pH decreases once again, a fibrous network reforms leading to regelling. The rate of annealing is likely to affect the microstructures of the final gels ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Gels annealed at a slow rate of pH change were found to contain a higher density of long fibers and relatively fewer spherulitic domains than the gel annealed at a higher rate.

![(a) and (b) Confocal fluorescence microscopy images (scale bars represent 20 μm) of the hydrogels of **1** obtained after annealing involving the following initial conditions: (a) \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M, volume of methyl formate = 100 μL; (b) \[urease\] = 0.2 mg/mL, \[urea\] = 0.01 M, volume of methyl formate = 100 μL. (c) SANS scattering data for the hydrogels of **1** (in the presence of urease) before (open symbol) and after annealing (close symbol). For annealing, initial conditions are \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M, volume of methyl formate = 100 μL. The lines represent the fit to the data before (red) and after (green) annealing. (d) Strain sweep experiments of the hydrogels of **1** obtained after annealing involving the urease--urea reaction under different conditions: (black data) \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M, volume of methyl formate = 100 μL; (red data) \[urease\] = 0.2 mg/mL, \[urea\] = 0.01 M, volume of methyl formate = 100 μL. The closed symbols represent *G*′, and the open symbols represent *G*″. In all cases, solvent is 20/80 DMSO/water (v/v) and \[**1**\] = 2 mg/mL.](cm0c01483_0004){#fig4}

The differences in microstructure of the gels obtained under different conditions were verified using SANS ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, [S7](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). This technique allows proving the primary structures underlying the network by fitting the scattering data to a model. SANS data for gel **1** were best fitted to an elliptical cylinder model for the gels obtained before and after annealing involving reaction relay. The elliptical cylinder model was combined with a power law component in order to fit the low Q region, which is influenced by the fractal scattering from the network.^[@ref62]^ First, to prove if the presence of the enzyme had an effect on the fiber formation during gelation, SANS data for gel **1** before annealing were compared in the absence and presence of enzyme. Both data sets were fitted to an elliptical cylinder with radii of 3.22 ± 0.02 nm and 3.29 ± 0.03 nm for the gels with and without enzyme, respectively, axis ratios of 1.82 ± 0.02 and 1.85 ± 0.03, respectively, and lengths of 677 ± 6.40 and 732 ± 26.50 nm, respectively. The power law exponents are 2.25 ± 0.04 and 2.45 ± 0.08, respectively. These data show that the enzyme does not perturb the fiber formation. For the gels obtained after annealing using reaction relay at different rates, the scattering data could be also fitted to an elliptical cylinder with radii in the range of 1.74 ± 0.04 to 2.07 ± 0.03 nm, axes ratios between 1.75 ± 0.04 and 2.04 ± 0.07, and lengths in the range of 560 ± 12.50 to 1001 ± 13.10 nm. These results show that annealing results in an ∼40--50% reduction in the radius of the elliptical cylinders. Further description of the models and the fitting parameters are provided in the [SI (Table S1 and Figure S7)](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf).

The annealing approach results in a change in the gel structure from spherulitic domains to a more uniform distribution of fibers, which ultimately leads to the formation of homogeneous hydrogels with improved mechanical properties. A decrease in rate of annealing resulted in a stiffer gel with a *G*′ that was ∼2--4 times higher depending on the rate of annealing used ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, [S8, S9](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). In comparison to the initially formed gel, irrespective of the rate of pH change, all the gels obtained after annealing could withstand considerably higher strains (\>2--3 times increase in gel strength) as well as high crossover points (yield points are \>400% strain where *G*″ \> *G*′) ([Figure S10, Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). Annealing also causes a substantial increase in robustness of the gels (∼2--7 times stiffer).

Next, we show the applicability of these gels in two areas. We have previously shown that the underlying microstructure determines whether or not such gels can be 3D printed.^[@ref51]^ Gels with an underlying spherulitic microstructure such as the initial gels of **1** can be printed effectively, while those with a more uniform fiber network cannot.^[@ref51]^ Hence, lines of gel were 3D printed for the different scenarios. Thin and continuous lines were printed in both the presence and absence of the enzyme from the gel formed from **1** before annealing ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). However, as expected from the changes in the underlying microstructure,^[@ref51]^ we found that printing the gels obtained after annealing resulted in less uniform printed lines and, therefore, are not suitable for 3D printing ([Figures S12, S13](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). Since we get a solution as an intermediate during annealing, it is possible to use our annealing method for a molding and casting process. Initially, we tested the free-flowing nature of the intermediate material before the regelation causes immobilization of the system again ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). We then used an automated 3D printer as an injector to drive the gel extrusion onto a mold. The ability to mold dipeptide **1** was evaluated under different conditions. The hydrogel of **1** (in the absence and presence of urease) before annealing was extruded 16 h after the gelation occurs ([Figure S15, S16](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)) as well as immediately after the gel was formed and then left to stand for 16 h ([Figures S17, S18](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)).

In all cases, the extruded gels do not adapt to the shape of the container and, therefore, are not suitable for molding. On the other hand, molding was performed employing the annealing method ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, [S19--21](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). Here, two different annealing rates were used for demonstration by simply varying the concentration of methyl formate. In both situations, the initially formed gels were extruded immediately after formation ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, [S19](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). After the extrusion, the gel changes from the initial distorted shape, producing a homogeneous solution inside the mold. With further time, regelling occurs, and homogeneous gels were formed that conform to the shape of the mold. We envisage that this method could be used for 3D print gels that slowly adapt to a second network that itself could not be effectively printed.

![Experiment showing autonomous programming of homogeneous "molding and casting" of the hydrogel of **1** (2 mg/mL) involving the following initial conditions: \[urease\] = 0.2 mg/mL, \[urea\] = 0.02 M, volume of methyl formate = 100 μL. An initially formed gel inside a syringe (a) was immediately extruded after 30 s of preparation (b). With time, the gel progressively converted to a homogeneous solution and acquired the shape of the container (c--e). Photographs were taken after 1 min (c), 2 min (d), and 5 min (e) of extrusion. Then the system was left undisturbed for 16 h (f). (g)--(i) represent photographs of the molded gel obtained after the experiment. The white structures in the gel are air bubbles, not precipitation. Solvent is 20/80 DMSO/water (v/v).](cm0c01483_0005){#fig5}

It is also possible to use this annealing approach to drive mixing. If a dye is encapsulated in gels of **1** in the absence of enzyme, slow diffusion occurs as would be expected from Fickian diffusion; this can be shown by forming a monolith where one side only contains the dye ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). If the annealing triggers are included, the rate of mixing is increased, as would be expected by the dissolution of the network restricting diffusion during the annealing. Using a pH-sensitive dye also allows the change in the pH during annealing to be visualized, and this can be used to show the rate of pH change is different where each side contains different amounts of the annealing trigger. In all cases, with further time, regelation causes formation of a single gel material. This method could be used, for example, to allow controlled mixing of encapsulated molecules or objects within different gel environments.

![Controlling diffusion in gels. (a) Two hemispheres prepared from gels formed from **1** with no enzyme present do not evolve with time. After 1 h, limited diffusion of the dye (methyl red) trapped in one gel to the other is observed (b). Where the enzymatic trigger (using 100 μL of methyl formate) is incorporated in the right-hand gel (c) with no trigger in the left-hand gel, diffusion is enhanced by the annealing of this gel (d). Note the color after 1 h is yellow as the pH is still above the p*K*~a~ of the dye. Where the trigger is incorporated in both sides of the gel (e), mixing is further enhanced after 1 h (f). When different amounts of trigger are incorporated in both hemispheres (g), incorporation of the dye allows this to be visualized. (g, h) show the gels immediately after formation, (i) shows the gels after 1 min, and (j) shows the gels after 3 min. The red to orange color is more apparent in the left-hand side which has the higher amount of trigger. After annealing, the gels can be removed from the mold; (k) shows the gel in (h) after 16 h. For these images, gels at a concentration of **1** of 2 mg/mL were used. Methyl red (0.05 mg/mL) is used to dye the gels. For (e) and (g), volumes of methyl formate used are 100 and 150 μL for left and right hemispheres, respectively. For (c), (e), and (g), the initial concentration of urease is 0.2 mg/mL, and urea is 0.02 M.](cm0c01483_0006){#fig6}

Finally, as a comparison to other annealing methods, we performed a heat--cool operation on our hydrogel system in the absence of enzyme ([Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)) and hence at a constant pH. Confocal studies revealed that a dramatic change in the microstructures from spherulitic fibers to relatively discrete spherical aggregates occurs on thermal annealing ([Figure S23](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). SANS data also confirm that thermal annealing led to the underlying structures becoming significantly larger. The scattering data is dominated by a flexible elliptical cylinder ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)), with an overall radius of 3.80 ± 0.02 nm, a Kuhn length of 20.81 ± 0.48 nm, and a length greater than that which can be effectively probed by this technique ([Table S1 and Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)). Gels formed by thermal annealing exhibited inferior mechanical properties in terms of both gel stiffness and gel strength ([Figure S25](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf)) as compared to our pH annealing method. These results again emphasize the effectiveness of our method in improving the gel properties.

Conclusions {#secC}
===========

We have successfully developed a new method to anneal peptide hydrogels with a high degree of control over the final properties of the gels by a reaction relay. To construct this, we simultaneously incorporate two competing triggers of which one is responsible for disassembly by increasing the pH and the second trigger drives the system to the original state by reducing the pH. Kinetic control over annealing is achieved in a number of ways that allows us to prepare homogeneous and reproducible gels with improved mechanical properties. We also establish that our annealing approach is more effective in improving gel robustness than thermal annealing for the present system. Unlike a conventional heat--cool cycle, where temperature is an issue, our method further allows autonomous programming of homogeneous "molding and casting" of the corresponding hydrogel in time.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Compound **1** was synthesized as described previously.^[@ref51]^ Urease (J61455 Urease, Jack Beans, minimum 45.0 units/mg solid) and urea (ultrapure 99%) were obtained from Alfa Aesar. Methyl formate was purchased from Sigma-Aldrich. Deionized water was used throughout all experiments.

Preparation of Solutions {#sec2.2}
------------------------

Stock solution of **1** was prepared in DMSO at a concentration of 10 mg/mL by stirring. The enzyme and urea were highly soluble in H~2~O and therefore did not require stirring. The stock solution of the enzyme was prepared at a concentration of 0.254 mg/mL in H~2~O. The enzyme concentration in the stock solution was determined from the mass (in mg) dissolved in a known volume of H~2~O. Stock solution of the urea was prepared in H~2~O in the concentration of 2 M. Solutions of gelator, urease, and urea were prepared freshly before each experiment. The enzyme-catalyzed reactions involving gelator **1** were performed either in the presence or absence of methyl formate. For the enzymatic reactions in the absence of methyl formate, 1.580 mL of the urease solution was transferred to the vial containing 0.40 mL of the gelator solution and urea (either 20 μL of urea or a mixture of 10 μL of urea and 10 μL of H~2~O) and left undisturbed. Therefore, the final ratio of DMSO and H~2~O was 20:80, the concentration of **1** was 2 mg/mL, the concentration of urease was 0.2 mg/mL, and the initial concentration of urea was 0.02 and 0.01 M as required. A similar method was used to perform the enzymatic reactions in the presence of methyl formate. In this case, urease solution was added to the mixture of **1**, urea, and methyl formate (either 100 or 150 μL), and the same solutions of **1**, urease, and urea in respected volumes were used as above.

pH Measurements {#sec2.3}
---------------

A FC200 pH probe from HANNA instruments with a 6 mm × 10 mm conical tip was used for pH measurements. The stated accuracy of the pH measurements is ±0.1. For the urea--urease reaction involving the gelator, the reaction mixtures were prepared as described above in a 2 mL volume in a 7 mL Sterilin vial, and the pH change was monitored with time. The temperature was maintained at 25 °C during the measurement by using a circulating water bath.

p*K*~a~ determination was carried out by recording the pH values after each addition of HCl (0.1 M) to the solution of **1** (concentration is 2 mg/mL) containing 1 mol equiv of NaOH (0.1 M) in 20% DMSO in H~2~O. During the titration, to prevent any gel formation, the solution was stirred continuously. The experimental temperature was 25 °C.

Hydrogel Formation and Annealing {#sec2.4}
--------------------------------

Hydrogels of **1** were prepared under different conditions. For the solvent switch method, 1.6 mL of water was added to 0.4 mL of a DMSO solution of **1** to form the hydrogel. The samples were left overnight before measurements were carried out. Thermal annealing was performed by heating and cooling the gels typically at 1 °C/min. The final gelator concentration was 2 mg/mL.

Hydrogels were also prepared in the presence of the enzyme following the same procedure as mentioned earlier. To anneal the gels involving enzymatic reaction, the gelation experiments were carried out by adding urease solutions to the mixture of **1**, urea, and methyl formate as mentioned above. The samples were then left to stand overnight to allow gelation.

Rheological Measurements {#sec2.5}
------------------------

All rheological measurements were undertaken on an Anton Paar Physica MCR 301 rheometer at 25 °C. Strain, frequency, temperature, and time sweeps were performed using a vane and cup geometry. Strain sweeps were performed at 10 rad/s from 0.01% to 1000% strain. Frequency sweeps were carried out from 1 rad/s to 100 rad/s at 0.5% strain. All gels were left ∼16 h before being measured. Time sweeps were performed at an angular frequency of 10 rad/s and with a strain of 0.5%. For all experiments, gels were prepared as mentioned earlier in a 2 mL volume in 7 mL Sterilin vials.

For the temperature sweeps, gels were prepared as mentioned earlier in metal rheology cups and left overnight before measurements were carried out. *G*′ and *G*″ were recorded at a strain of 0.5% and a frequency of 10 rad/s within the temperature range of 25--80 °C. The heating and cooling rate was 1 °C/min.

Confocal Microscopy {#sec2.6}
-------------------

A Zeiss LSM710 confocal microscope (Zeiss, Gottingen, Germany) with an LD EC Epiplan NEUFLUAR 50X, 0.55 DIC (Carl Zeiss, White Plains, NY, USA) objective was used for imaging. Samples were prepared as mentioned earlier containing Nile blue (2 μL/mL of a 0.1 wt % solution) in CELLview Culture dishes (35 mm diameter) and were excited at 633 nm using a He-Ne laser. Images were captured using the software Carl Zeiss ZEN 2011 v7.0.3.286.

UV--Vis Measurements {#sec2.7}
--------------------

Data were collected on an Agilent Cary 60 UV--vis spectrophotometer. All UV--vis experiments were carried out in the presence of 20 μL of 0.005 M pyrene (in DMSO). Samples were prepared in a PMMA cuvette with a path length of 1 cm by following the same procedure as mentioned before.

Small Angle Neutron Scattering {#sec2.8}
------------------------------

SANS measurements were carried out on a SANS2D instrument, at ISIS Neutron Source in UK. We have used a 4 m sample-to-detector distance, a beam size of 8 mm, and a typical Q-range from 0.004 A^--1^ to 0.8 A^--1^ set by time-of-flight mode with wavelengths from 1.75 to 16.5 A. The samples were prepared inside a quartz cuvette of 2 mm path length by following similar methods described earlier and placed on a multiple slot sample changer with controlled temperature. We have subtracted the background of D~2~O scattering considering the appropriate volume fraction for each sample, and the scattering data was normalized to the absolute scale.

3D Printing and Molding Experiments {#sec2.9}
-----------------------------------

The 3D printing experiments were carried out with the same 3D printer previously reported by our research group.^[@ref51]^ For the experiments, gels were prepared in a 2 mL volume in a 12 mL syringe following the same procedure as mentioned above. Before printing, some parameters need to be optimized in order to achieve high-quality 3D printed lines, among which we highlight the volume of the gel extruded, the speed of extrusion, the printer movement speed, and the printing height. For the different printing scenarios, each parameter was optimized. Different gel volumes (325--500 μL) and shear rates in the range of 250 s^--1^ to 7K s^--1^ were used in order to find the more suitable values at which the gel was the thinnest and continuous. All the lines were printed at 50 mm in length from a height of 3 mm. The diameter of the nozzle used for extrusion was 2.2 mm.

For molding experiments, initially the gels were prepared in a 2 mL volume in a 12 mL syringe following the same procedure as mentioned above. Then the gels were injected into a 24 mL syringe (diameter is 1.65 cm) operating as the mold using an automated 3D printer. We used a 3D printer for the molding experiments so that we could control the rate of extrusion, to make sure the same shear was applied for all the injection processes. The speed of extrusion was 1 mL· s^--1^ in all cases. After extrusion, gels (or sol as applied respectively) were left in the mold to settle before being transferred into a glass slide to prove the capability of the molding process.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01483](https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01483?goto=supporting-info).Rheology, confocal microscopy, photographs of 3D printed gels, SANS data, and fitting parameters ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01483/suppl_file/cm0c01483_si_001.pdf))
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